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Abstract

We report on the growth of thin Co films on Pd(111) at three different temperatures 180 K, 300 K, and 550 K. The structure and
morphology was determined by scanning tunneling microscopy and low energy electron diffraction. The growth mode was found to vary
with temperature. For 180 K and 300 K, we observed a tendency to double layer growth for the initial layers while at elevated temper-
atures, the initial film grows in single layer. For most conditions, non-ideal three-dimensional growth was observed. Two-dimensional
growth was only found for growth temperature of 550 K and coverages above 5 ML. Depending on temperature, the Co islands at low
coverages exhibit three principally different shapes: dendritic at 180 K, hexagonal at 300 K and triangular at 550 K. For growth at 550 K
and coverages above 5 ML, the islands changed to an irregular shape. This transition is most likely responsible for the transition to 2D
growth. Further, the large strain is relaxed by the creation of a dislocation network with mixed fcc and hep stacking. Depending on the
temperature and coverage, a hexagonal or a triangular network was observed. Finally, we have investigated the effect of annealing Co

films prepared at 180 K and 300 K. Heating to 490 K leads to coarsening and intermixing.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, the properties of Co on Pd(100),
Pd(110) and Pd(111) surfaces as well as Co/Pd multilayers
have been a matter of detailed investigations [1-4]. These
systems are of current scientific and technological interest.
Co/Pd systems are candidates for magneto-optic recording
media because they have a high perpendicular magnetic
anisotropy in thin films, high coercivities and large mag-
neto-optic Kerr (MOKE) signals [2,5]. Beside these proper-
ties, Co/Pd similar to Fe/Pd systems show additional
attraction due to their exotic exchange coupling leading
to an induced magnetization of Pd at the interface (hybrid-
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ization of Pd 4d and Co 3d states) [6,7]. Since magnetic
properties are very sensitive to the details of Co/Pd inter-
face, a thorough knowledge of the growth process in this
system is essential. Highly important process parameters
influencing the film morphology are the substrate tempera-
ture and surface free energies of the substrate and the film.
The surface free energy of Pd(111) is ypg = 1.61 J/m>
which is lower than that of Co yco = 2.0 J/m? [8]. In the
thermodynamic limit, this leads to three-dimensional
growth of Co islands. Further, the lattice mismatch be-
tween Co and Pd is large (9.1% compressive strain) oppos-
ing smooth Co films. The question of pseudomorphic
growth of the first few Co layers is, however, still discussed
controversially. In recent years, the system Co on Pd(111)
has been studied intensely and a large number of experi-
ments with various techniques have been reported. The
growth of Co films on Pd(111) in the different coverage re-
gimes is nevertheless not well understood. In the literature,
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Co on Pd(111) was deposited mostly at room temperature.
Only in one work, deposition at elevated temperature
(370 K) [10], was reported. Several morphological studies
revealed that Co in the low coverage region does not show
a two-dimensional growth (layer-by-layer). Atrei et al. [11]
examined the system Co/Pd(111) using a combination of
low energy ion scattering (LEIS) and X-ray photoelectron
spectroscopy (XPS) measurements. They claim that multi-
layer Co islands grow with variable thickness. They pro-
posed a Volmer—-Weber growth mode. The low electron
energy diffraction (LEED) patterns remained of (1 x 1)
symmetry for all coverages, i.e., they did not observe addi-
tional spots due to relaxation. Their conclusion was that
the Cobalt islands are tetragonal distorted fcc and the Co
film is presumably pseudomorphic. Similar observations
were reported by Oh et al. [12] by means of X-ray photo-
electron diffraction (XPD). Co was found to grow in is-
lands of fcc structure. LEED measured after the
evaporation showed, however, diffuse patterns as the films
thickness increases. Yokoyama et al. [13] and Purcel et al.
[14,15] ruled out layer-by-layer growth mode due to lack of
reflection high energy electron diffraction (RHEED) oscil-
lations. Purcel et al. [14,15] reported that Co grows epitax-
ially up to 12 ML, incoherently and relatively flat on
Pd(111). Moreover, LEED patterns with additional six-
fold arrays of spots reminiscent of a Moiré pattern were
observed. The LEED patterns are similar to those reported
by Boukari et al. [10,16] clearly indicating non-pseudomor-
phic growth. For both 300 K and 370 K, they observed
three-dimensional films, which are composed of about
50% hcp Co and 50% disorder Co for samples prepared
at 370 K. Kim et al. [17,18] found evidence that Co grows
epitaxially on palladium in a layer-by-layer mode, gradu-
ally turning into 3D structures (mounds) for thicker films.
Their scanning tunneling microscopy (STM) images con-
firm a layer-by-layer growth on flat Pd crystals. The surface
morphology at submonolayer coverage is characterized by
small monolayer high islands.

In this paper, we report on systematic investigations on
the growth mode and the structure of Co on Pd(111). To
gain reliable information, we performed combined STM
and LEED studies as a function of deposition temperature
and coverage. We show that the growth of Co on Pd(111)
reacts sensitively to changes of the growth parameters,
which explains the contradictory findings of different
groups.

2. Experimental set-up

Experiments were performed in an ultra-high vacuum
(UHV) chamber with a background pressure better than
1.0 x 107 mbar. The chamber was equipped with LEED,
Auger electron spectroscopy (AES), MOKE and a home-
built low temperature STM. The surface of the crystal
was cleaned with cycles of 1.5kV Ar' sputtering and
annealing to 870 K. AES spectra of the single crystal
showed no contamination; especially the S and O peaks

were below the detection limit of our spectrometer. Sharp
(1x1) LEED patterns with three-fold symmetry which
are characteristic of clean fcc Pd(111) surfaces were ob-
served after this treatment. STM images resolved clean, flat
terraces of sizes larger than 150 nm separated by single
atomic steps 2.20 A high. Co (99.999% purity) was depos-
ited using electron beam evaporation. The pressure during
the growth process remained below 1.0 x 10~'® mbar. The
deposition rate was about 0.4 ML/min (in Pd(111) sub-
strate atomic density units). The Co evaporation rate was
calibrated using medium energy electron diffraction
(MEED) intensity oscillations during layer-by-layer
growth of Co on Fe(001). The deposition of Co films on
Pd(111) was performed at different substrate temperatures,
i.e., at 180 K (low temperature), 300 K (room temperature)
and 550 K (elevated temperature). The sample temperature
was measured with a thermocouple attached to the sample
holder in close vicinity of the sample and with a pyrometer.
The upper temperature (550 K) was chosen as a limit above
which strong interdiffusion of Co into Pd occurs. Some
films were deposited at 300 K or at 180 K followed by a
gentle annealing to 490 K for about 10 min. After growth,
LEED and STM were carried out at 300 K or below.

3. Results

We will present the experimental results in the following
way. First, we concentrate on the growth of Coon Pd(111)
at 300 K. Next, we focus on growth at low temperatures
(180 K) and at elevated temperatures (550 K). Finally, to
complete the study on the growth, we investigated the effect
of annealing of samples prepared at 300 K and 180 K.

3.1. Film growth at 300 K

The growth and morphology of Co layers in the thick-
ness range up to 12 ML deposited at room temperature
was investigated. In the submonolayer regime, Co grows
as double-layer islands, as can be seen in Fig. la for the
coverage of 0.6 ML. The line scan in the Fig. 1b shows
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Fig. 1. (a) STM image after deposition 0.6 ML Co on Pd(111) at 300 K
(500 nm x 500 nm); (b) line profile across two islands along the line shown
in (a); (¢) hexagonal island with dislocation pattern (43 nm x 47 nm).
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an island height of 4.6 Aata sample bias of 1 V. The aver-
age island separation is 50 nm and the islands are hexago-
nal reflecting the surface symmetry. Similarly shaped
islands have also been observed during growth of Co/
Pt(111) [19] and Co/Au(111) [20]. Not all deposited mate-
rial ends up in the islands on the terraces. Similar to nucle-
ated islands, substrate steps also act as sinks for the Co
adatoms. Some of the deposited material tends to decorate
the lower step edges at low coverage while at higher cover-
ages, both the upper and lower step edges are decorated
with Co. On top of the islands, STM images show a regular
pattern of protrusions appearing as white dots. This super-
structure, a dislocation pattern, can be seen in more detail
in the zoom of Fig. 1c. The large lattice mismatch between
Co and Pd of 9.1% prevents a pseudomorphic growth. In-
stead, the Co film relaxes via dislocation formation. This
relaxation is facilitated by the fact that the fcc (111) plane
is the glide plane and the formation of dislocations in Co/
Pd is easy. The dislocation formation results in the regular
superstructure reminiscent of a Moiré pattern. Due to the
relaxation mechanism, regions with local hcp and fcc struc-
ture with respect to the substrate are formed. They are sep-
arated by atoms in a bridge position forming a structural
domain wall [21]. In Co/Pd(111), the dislocation network
is located most likely at the substrate adsorbate interface,
but can still be detected in STM images of up to 10 ML
thick films deposited at 300 K (see Fig. 2d). Note that it
was impossible to determine whether thick Co films grow
in fcc or on hcp stacking sequence solely based on the

lattice constant of the dislocation pattern. This is due to
the only slightly different lattice distance for fcc Co(111)
and hep Co(0001). It was, however, possible to differenti-
ate between fcc or hep stacking sequence by means of scan-
ning tunneling spectroscopy (STS). STS curves for the two
types of stacking are similar, but differ by a shift in ener-
getic position of the surface state peak. Using this effect,
the identification of the stacking was possible with lateral
resolution as will be reported elsewhere [22]. Within the
unit cell of the dislocation pattern, both fcc and hcp areas
could be found in agreement with the relaxation of stress
via dislocation formation and gliding. The fact that the is-
lands are formed as double layers indicates a tendency of
the Co atoms that are deposited on the Pd terraces to dif-
fuse upward on top of the first layer of Co. Assuming local
thermodynamic equilibrium at the rim of the growing is-
lands, this implies a stronger binding of atoms in the sec-
ond layer compared to the first layer. At 0.6 ML, one
even observes small third-layer islands on top of the larger
Co islands. Possibly third and next monolayers nucleate on
the network of dislocations due to a restricted diffusion
across dislocation lines [21]. Fig. 2 shows a series of STM
images of Co on Pd(111) with various coverage. The first
Co double-layer islands start to percolate at about
2.3 ML (see Fig. 2a). At this coverage, the third layer
nucleates on most of the islands. In Fig. 2b, corresponding
to a coverage of 3 ML Co, the surface of Pd is still visible,
while the fifth layer starts to nucleate. Also these STM
images for each coverage directly show that the island sizes

Fig. 2. STM images after deposition at 300 K of (a) 2.3 ML; (b) 3 ML; (d) 10 ML Co/Pd(111). Size is always 500 nm x 500 nm. The inset in (d) shows the
dislocation pattern (55 nm x 55 nm). The black arrows indicate the distance between two corrugations. The periodicity of dislocation pattern was
measured to be 3.78 4 0.10 nm; (c) LEED diffraction pattern of 2.3 ML Co/Pd(111) taken at 190 V.
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become larger as the Co coverage is increased. At 10 ML,
the film is rough with deep trenches (see Fig. 2d). At this
coverage, the island shape has changed. It is mainly trian-
gular for thick films while it is hexagonal at lower coverage,
and the dislocation pattern can still be detected in STM
images of up to 10 ML thick film. The observed periodicity
of the pattern of 3.78 + 0.10 nm on the 10 ML thick island
agrees well with the expected periodicity of the Moiré pat-
tern of 3.38 nm for the misfit of 9.1%. This can be under-
stood on the basis of the low energy needed for gliding
between fcc and hep stacking in the fec(111) plane. As a
consequence, the dislocation energy is low and a distinction
between a Moiré pattern and a dislocation network be-
comes essentially meaningless. Our topographic STM re-
sults differ from the results reported by Kim et al. [17,18]
which showed that for comparable growth rate and tem-
perature, Co grew in layer-by-layer mode for the first mon-
olayers. Concerning the determination of the growth mode,
the area fraction of the atomic levels was estimated from
the STM images of Fig. 2. While the STM images qualita-
tively show a 3D growth mode, Fig. 3 shows the layer dis-
tribution obtained from the STM images which gives a
criterion to distinguish between 2D and 3D growth. In
the case of ideal 2D growth, interlayer diffusion across step
edges to a lower terrace has to be present, resulting in a lim-
ited number of open levels, three levels at most. In the case
of ideal 3D growth, in which no interlayer diffusion is pres-
ent, the distribution of the terrace levels is expected to fol-
low the Poisson distribution [19,23,24]. The Poisson
distribution is plotted as black line. Fig. 3a and b show that
the experimental data points do not agree well with ideal
3D growth. More material is found in the lower layers than
is expected for ideal 3D growth. This shows that some mass
transport from the higher layers to the lower layers is pres-
ent. It can be seen from Fig. 3, that the layer distribution
for thicker films is closer to that of ideal 3D growth. While
for 3 ML, ~12% of the total mass of the film is in a layer
differing from the ideal 3D growth, it is ~6% for the
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Fig. 3. Layer distribution within the film. The black line represents ideal
3D growth with no interlayer diffusion. (a) and (b) for Co/Pd(111)
prepared at 300 K; (c) and (d) for samples prepared at 180 K.

10 ML film. In summary, the STM images show that the
growth is neither ideal layer-by-layer nor ideal three-
dimensional. This means that interlayer transport is most
likely hampered by a Schwoebel barrier, but is not com-
pletely suppressed.

A complementary probe to STM for atomic structure of
films is LEED. LEED patterns of films below 0.4 ML show
minor changes from the p(1 x 1) pattern of clean Pd. This
situation changes with further deposition. At a coverage
of 0.6 ML additional superstructure spots appear. LEED
showed hexagonal patterns around all principal spots.
These structures become more pronounced for higher cov-
erage and are shown in Fig. 2c. The origin of the satellite
spots in the LEED pattern is the periodic arrangement of
dislocations, i.e., the Moiré structure also seen in STM.
The observation of the superstructure both in STM images
and LEED patterns excludes pseudomorphic growth.
These results agree well with earlier LEED studies by Pur-
cell et al. [14,15] and Kohlhepp Co/Pd(111)/W(110) [9].
The fact that the LEED pattern is of six-fold symmetry
and not of three-fold symmetry as expected for fcc(111)
is related to the mixing of fcc and hep stacking within the
unit cell of the dislocation pattern.

3.2. Film growth at 180 K

The morphology of Co at various coverage is illustrated
in Fig. 4. The initial stage of the growth at low temperature
is characterized by the formation of monolayer dendritic
shape islands (cf. Fig. 4a). At low temperatures, islands
nucleate at a higher density in comparison to the growth
at 300 K. This is due to the reduction of the thermal mobil-
ity of the Co atoms on the Pd terraces. The average island
separation of about 25 nm at 180 K, however, indicates
that the atoms still have a significant mobility at this low
temperature. This speaks for a low diffusion barrier in
agreement with diffusion on many other fcc(111) surfaces
[25]. The dendritic island shape with structural features
on the length scale of only few nm is due to the fact that
diffusion of adatoms that are attached to the growing is-
lands have a mobility significantly lower than adatoms
on the terraces. Thus, during island growth, the attachment
of adatoms is faster than edge diffusion such that the is-
lands do not reach a thermodynamically stable compact
shape. The 0.2 ML film is characterized by 1 ML high is-
lands with a second layer appearing as white dots on top
of the islands (see Fig. 4a). The diameter of these dots is
of the order of 1 nm. Next, the Co dots start to coalescence
and a second layer nucleates mostly in the center of the
islands.

The 2.0 ML film exhibits a morphology that is charac-
terized by the formation of double-layer islands similar to
growth at 300 K. At about 1.7-2 ML, the double layer is-
lands start to percolate and form a network as shown in
Fig. 4b. On top of the islands, a weak dislocation pattern
was detected for coverages between 1.3 and 3 ML. This
pattern is only faint in STM images but is much easier to
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Fig. 4. STM images of Co/Pd(111) prepared at 180 K. Film coverages were: (a) 0.2 ML; (b) 2.0 ML. The line profile was taken along the line shown in the
corresponding STM image; (d) 8.0 ML. The size for images is always 300 x 300 nm?; (c) LEED diffraction pattern of 2 ML Co/Pd(111), E = 140¢V.

detect in LEED patterns for the same coverages (see
Fig. 4c) due to the higher sensitivity of LEED to periodic
structures. At 2 ML coverage, the third layer (shown in
white) starts to nucleate before the second layer (shown
in gray) is completed. This phenomenon may be taken as
an evidence of the presence of a step edge barrier for diffu-
sion across a step, i.e., a Schwoebel barrier [26], which hin-
ders downward transport of atoms. Rough growth is
characteristic also for thicker films. Films of nominal
8 ML coverage display up to five open atomic layers (see
Fig. 4d). Consequently, the low temperature growth of
Co on Pd is characterized by a 3D growth as shown by
the layer distribution compared with the Poisson distribu-
tion in Fig. 3c and d. This indicates a suppressed interlayer
mass transport of atoms that are deposited on growing is-
lands leading to the roughening of the films. When compar-
ing 3 ML films grown at 300 K and 180 K, the 180 K films
are smoother, i.e., more material in the lower layers. Such a
behaviour cannot be related to thermodynamics but is a ki-
netic effect. It can be due to the ramified islands shape at
low temperatures which have more kinks sites than com-
pact islands facilitating intralayer diffusion [27]. Thus, the
films grown at 180 K are significantly smoother than ideal
3D growth.

3.3. Film growth at 550 K

Due to various thermally activated processes such as dif-
fusion, migration, surface alloying, attachment or detach-

ment from islands, the morphology is very sensitive to
changes of the growth temperature. Many diffusion pro-
cesses can be switched on at elevated temperatures. In this
Section, we discuss the growth of Co on Pd(111) at 550 K
between 0.6 and 5 ML. Fig. 5 shows wide-area STM
images for the coverages of 0.6 ML, 1.7 ML, and 5 ML.
At low coverage, separate islands are observed (cf.
Fig. 5a). The islands are triangular, have a compact shape
and are one atomic layer high in contrast to the double-
layer growth at 300 K. Second layer Co islands nucleated
on first-layer islands. The area of the second layer is less
than 3% and no third layer could be observed. The average
island separation is 70 + 13 nm. The density of islands for
samples prepared at 550 K is much lower than at 180 K
and 300 K [22]. At submonolayer coverages, Co decorates
the edge of the substrate steps forming 1 ML high islands.
We found no hint of a reconstruction or dislocation net-
work on the Co islands in the STM topography. Further-
more, the LEED patterns are free of a superstructure as
can be seen in the Fig. 5b. This indicates that the surfaces
of the islands are completely strained to the Pd lattice spac-
ing. For 1.7 ML total coverage, the first layer is almost
filled and second and third layer islands can be seen. The
most striking characteristic is the observation of a corruga-
tion on the second layer Co islands at 1.7 ML and above
(see Fig. Se) which differs from the superstructure observed
in films grown at room temperature and below. The corru-
gation at elevated temperatures has a triangular symmetry.
The superstructure was also observed with LEED, which
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Fig. 5. STM images of Co/Pd(111) after growth at 550 K of: (a) 0.6 ML (1800 x 1800 nm?); (b) corresponding LEED pattern at E = 220 eV for (a); (c)
1.7 ML (750 x 750 nm?). The area marked in (c) is magnified in part (e): (d) 5 ML (660 x 660 nm?); (¢) STM topography revealing the triangular network
(21 nm x 21 nm); (f) corresponding LEED pattern presenting (00) spot for triangular network, E = 50 eV.

shows a hexagonal pattern around the Pd substrate spots
(cf. Fig. 5f). The average distance between the center of
neighboring triangles is 3.81 + 0.46 nm. The corrugation
of the triangular structure is only 0.05 nm, indicating that
it is not caused by vacancies in the Co layer. Similar to
the dislocation pattern observed at 180 K and 300 K, the
superstructure is due to the large lattice mismatch. Most
likely, the triangular boundary separates fcc and hcp re-
gions and is a partial dislocation. Similar structural fea-
tures were previously reported for Co on Re(0001) [28].
Two kinds of triangles are separated by domain bound-
aries, that come about by a different stacking sequence of
the Co atoms in adjacent triangles (see Ref. [28]). For films
grown at 550 K, a dislocation pattern similar to that of
films deposited at 300 K and 180 K was observed starting
from the fifth monolayer. The nearly 3D growth proceeds

up to 5 ML total coverage. The quantitative layer coverage
is shown in Fig. 6. The analysis shows that the first layer is
90% complete before the third layer starts to grow. Simi-
larly, the second layer and the third layer are not filled be-
fore the next layer appears. Such a growth mode can be
caused by a scenario in which for the first layers deposited,
the Co atoms cannot move freely across steps and a Schwo-
ebel barrier is present such that islands nucleate on top of
islands before the layer is completed. This barrier seems to
become lower as a function of coverage and changes the
growth at coverage higher than 5 ML. Fig. 6 shows that
at 10.5 ML coverage, the film is much flatter and shows
three open layers only. As a consequence, the layer distri-
bution has a sharp edge. Ultra-thin Co films deposited on
Pd at 550 K show a more complex growth process than
the films deposited at low temperature and at room temper-
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Fig. 6. Layer distribution and ideal 3D growth (black lines) of (a) 0.8 ML,
(b) 1.7 ML, (c) 5 ML and (d) 10.5 ML films prepared at 550 K.

ature. The films thicker than 5 ML are almost perfectly flat
and are much smoother than films deposited at 300 K or
180 K. The flatter growth above 5 ML goes hand in hand
with a change of the island shape from triangular to irreg-
ular. The latter also explains the better growth as kinks in
the island edge may lower the Schwoebel barrier. Such a
relation was found before for Pt/Pt(111), however, at
low temperatures [27]. Possibly, the appearance of the dis-
location structure is linked to the changes of the growth
mode. It might be the case that the structural change of
the surface modifies the diffusion, i.e., the islands shape
and the Schwoebel barrier.

3079
3.4. Annealing of samples prepared at 300 K and 180 K

To complete the study of the growth of Co/Pd(111), we
investigated the annealing of structures obtained by growth
at low temperature and at room temperature. We measured
LEED and STM for samples before and after annealing.
For a detailed study of the processes occurring at elevated
temperatures, we choose two samples: 1.7 ML Co/Pd(111)
prepared at 180 K and 2.3 ML Co/Pd(111) prepared at
300 K. The topography of the samples before annealing
showed a 3D mode of growth. After annealing, the mor-
phology changed. First, 1.7 ML of Co was deposited at
180 K. At this low coverage, the double layer islands start
to coalesce. Fig. 7a shows an STM image immediately after
deposition. Following the deposition, the film was heated
at a constant rate of 10 K/min. In Fig. 7b and ¢, the sample
surface is displayed after annealing to 380 K and 490 K,
respectively. In Fig. 7b, the Co islands are similar to those
before annealing. The diameters of the Co islands are, how-
ever, slightly larger in comparison to non-annealed samples
grown at 180 K. The layers start to spread out as indicated
by the appearance of 1 ML thick areas in the line profile.
Some islands began to coalesce, i.e., we see the onset of
thermally activated coarsening. We further observe small
depressions of subatomic height inside the islands indicat-
ing some inhomogeneity in the layers. For even higher
annealing temperatures the island size further increases.
After annealing up to 490 K, some islands have an elon-
gated form, probably as the result of coalescence of smaller
islands. The islands in the topmost layers are increased in

Fig. 7. STM images illustrating the thermal evolution of 1.7 ML Co on Pd(111) deposited at 180 K (150 nm x 110 nm). (a) As grown; (b) annealed to
380 K. The inset shows a line profile along the line; (c) and 490 K; (d) LEED pattern for sample annealed to 490 K (E = 140 eV).
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size. The width of the coalesced islands is around 40 nm
and the height is 1 ML. The LEED pattern for the film
grown at 180 K showed the previously discussed satellite
spots due to the dislocation network (see Fig. 4c). The
LEED pattern for 1.7 ML film after annealing to 490 K
is displayed in Fig. 7d. It shows sharp p(1 x 1) spots and
the disappearance of the superstructure spots. The LEED
pattern shows a higher background and the satellites sur-
rounding the (00) spot have been transformed to a fuzzy
halo around the principal spot. As Co and Pd have differ-
ent LEED scattering factors, the blurred (1 x 1) LEED pat-
tern may be caused by a disordered alloy of Co and Pd. At
300 K and 180 K, Co—Pd exchange process and alloying, or
interdiffusion phenomena play a minor role [29]. However,
higher temperatures may activate these processes. This
interpretation is in agreement with the inhomogeneities ob-
served in the STM scans after annealing to 380 K. They are
most likely indications for first interdiffusion starting at
380 K that influence the LEED pattern at 490 K.

The STM measurements after deposition of 2.3 ML Co
at 300 K show 3D growth. The STM images taken of the
annealed film reveal morphological changes compared to
the 300 K situation. Annealing to 490 K leads to comple-
tion of the first monolayer and island coarsening (see
Fig. 8c). Hexagonal islands with dislocations are still visible
after annealing. The annealing allows the atoms to over-
come the kinetic limitations imposed by deposition at
300 K and to migrate to the Pd surface. The same effect
is clearly observed for annealed Co films prepared at

M. Wasniowska et al. | Surface Science 601 (2007) 3073-3081

180 K. The annealing of 2.3 ML Co/Pd(111) at 490 K
causes a slight change of the LEED pattern. Fig. 8b and
d show a typical LEED pattern before and after annealing,
respectively. The annealing results in a modification of the
hexagonal satellites in the pattern. The (00) spot is still sur-
rounded by satellite spots corresponding to the stable dis-
location pattern of the islands observed in STM. The
background intensity, however, increased significantly.
Additionally, the satellite peaks around the higher-order
spots are much weaker after annealing. Both observations
indicate an increased disorder most likely caused by forma-
tion of an unordered alloy.

4. Summary and conclusions

We have performed a systematic study of the influence
of temperature on the growth of cobalt on Pd(111). The
growth is strongly temperature-dependent. Three different
island shapes have been found at low coverages. At
180 K, fairly irregular islands were observed due to a low
mobility along step edges. At 300 K, hexagonal islands
indicate an effective diffusion along step edges. The third
type of islands found at elevated temperatures is character-
ized by smoother edges and an overall triangular shape. A
three-dimensional growth mode was found and was related
to a Schwoebel barrier which prevents higher layer atoms
from surmounting the edges of individual islands. This
way, next layer islands nucleate early in the growth process.
At high growth temperatures and thickness above 5 ML,

Fig. 8. STM images and LEED patterns illustrating the thermal evolution of 2.3 ML Co on Pd(111) deposited at 300 K (a), (b) before and (c), (d) after

annealing to 490 K. (a), (c) size is 150 nm x 150 nm. (b), (d) at E=140¢V.
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the islands’ shape changes to a more irregular structure
with a high density of kinks. Hand in hand with this tran-
sition, the growth changes to 2D. This effect was related to
a reduction of the Schwoebel barrier due to the high kink
concentration. For coverages below 2 ML, double layer is-
land growth was observed at 300 K and less pronounced at
180 K. This growth mode is most likely related to a higher
binding energy of Co adatoms on the first Co monolayer
than on the Pd substrate, i.e., it reflects a heteroepitaxial
effect.

A hexagonal dislocation pattern was found for all
growth temperatures starting with the second layer for
180 K and 300 K as well as for 5 ML at 550 K. The dislo-
cation pattern is due to a relaxation of the heteroepitaxial
lattice mismatch by dislocation formation. This implies a
mixed fcc and hep stacking in the dislocated films. At the
highest growth temperature, a second and triangular super-
structure was found below 5 ML. Finally, the annealing of
films was studied. With increasing annealing temperature,
the films were smoother but indications of intermixing were
observed in STM and LEED.
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